Substance addiction is a chronic relapsing brain disorder, characterized by loss of control over substance use. In recent years, there has been a lively interest in animal models of loss of control over substance use, using punishment paradigms. We provide an overview of punishment models of addiction, that use quinine, histamine, lithium chloride and footshocks as aversive stimuli, and we discuss the merits and drawbacks of these approaches. Importantly, many studies have demonstrated that under certain conditions, animals are willing to endure punishment during the pursuit of substances of abuse, which captures an essential component of addictive behavior. We conclude that punishment models of addiction represent a valuable contribution to the study of addiction. 
Introduction
Addiction to substances of abuse remains an enormous global health problem. It has been estimated that 76 million people worldwide are addicted to alcohol [1] , 29 million people are addicted to illicit drugs, such as opiates, psychostimulants and cannabis [2] and 1.1 billion people smoke tobacco [3], a substantial proportion of which can be considered addicted. Alongside the suffering inflicted by the addictive behavior itself, substance addiction dramatically increases the risk for a wide range of communicable and non-communicable diseases, including lethal conditions such as cardiovascular problems, liver failure and cancer. Indeed, substance addiction is considered to be one of the leading causes of premature death worldwide [1] [2] [3] . Remarkably, only 1 in 6 addicts are estimated to be in treatment [2] , and the treatment options available are modest in terms of number and efficacy [4 ,5,6] . In order to develop improved treatment strategies for addiction, we think that a profound understanding of the neural underpinnings of addictive behavior is essential.
For more than half a century, animal models have been used to investigate the behavioral and neural mechanisms of addiction. The positive affective, reinforcing properties of substances of abuse have been widely studied using place conditioning [7, 8] and intracranial self-stimulation methods [9, 10] . Arguably the greatest progress in understanding addictive behavior using animal models has come from oral and intravenous self-administration studies, that derive considerable validity by virtue of the fact that they employ voluntary, active intake of drugs of abuse [11, 12] . Moreover, self-administration setups have shown to be a versatile method to investigate addictive behavior, in the sense that variants of this paradigm have been developed to study the incentive motivational properties of substances of abuse [13, 14] , the role of drug-associated cues in addictive behavior [15, 16] , and relapse to extinguished drug seeking [17, 18] .
The most recent development in animal models of addictive behavior constitutes models that explicitly study loss of control over substance seeking and taking. Inspired by the realization that the majority of the diagnostic criteria for addiction in DSM-IV [19] and DSM5 [20] comprise behaviors that signify a lack of control over substance use, researchers have started to develop models that capture these compulsive aspects of addictive behavior. Many of these studies have focused on the DSM criterion of continued substance use despite negative consequences, and have operationalized this as resistance to punishment [21 ,22] . In the paradigms that have been used, the pursuit of substances was associated with aversive events or circumstances, and the willingness of animals with a certain predisposition or substance taking history to endure this adversity when access to substance is at stake was assessed. In this overview, we will present punishment models of compulsive substance use, highlight their merits and drawbacks, and discuss challenges for future research.
